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Introduction
The cultivation area of vineyards in South Africa is located in a narrow belt of Mediterranean climate on the slopes of mountains and valleys in the Western Cape Province. Good soil and climatic conditions have made it possible for nearly 4500 grape growers to cultivate 106 000 hectares of vineyards in this region. There were 493 private wineries and a total of 573 cellars in 2011. Although production was previously dominated by white wines, there is now a tendency towards a greater balance between the production of white and red wines, as well as distillates. These tendencies have also led to an increased interest in the treatment of wastewater from this growing wine industry. 1, 2, 3, 4, 5 South Africa is one of the most prolific New World wine producing countries. With an annual output of 600 million litres, it is the ninth largest producer of wine in the world. Exports constitute about one quarter of this production, but an increase in international sales has been observed over the last decade. 6 The increasing importance of the South African wine industry in both the domestic and international markets has been accompanied by an increase in research activities in wine-related subject areas. In addition to studies carried out on different grapevine diseases, 7, 8, 9, 10 efforts to geographically characterise wine and spirits regions, as well as the development of indigenous varieties and alcoholic beverages are increasing. 11, 12, 13, 14 Thus far, there has been no comprehensive analysis of wine-related research such as has been carried out in other areas of scientific activity in South Africa, for example, Medicine, 15 Bioinformatics, 16 Engineering 17 , and HIV and AIDS. 18 Trends and implications of South Africa's scientific outputs have also recently been studied. 19 Articles published in scientific journals are one of the measurable outcomes of research activity, and may be analysed by qualitative and quantitative methods. The qualitative 'peer review', based on expert opinion is an indispensable basic condition imposed by editors before research will be published in prestigious journals. The quantitative determination is based on a series of measures or indicators that are derived from statistical analysis of published scientific literature and included in bibliographic databases. 20, 21, 22 These indicators measure the scientific activity of researchers and their institutions, given that they determine the articles that have been published, their literature characteristics as well as establishing collaborative relationships with each other. Authors can extend credit to colleagues' publications by quoting them so that the citation counts reflect the impact that published articles have had on previous publications and their authors. 23, 24 Scientific collaboration facilitates the flow of information amongst researchers in order to share costs and improve efficiency in research. 25, 26, 27, 28 One way of determining the level of established cooperation is by counting the number of coauthorships amongst authors involved in an area of scientific research. The co-authorship relationship occurs when two or more authors or institutions simultaneously contribute to the same scientific article. 28, 29 These interpersonal and interinstitutional collaborations between researchers can be represented by graphs, using social network analysis, which quantify how many members make up a network, what the intensity of the relationship is between its members and who are the most relevant. 28, 30, 31 Researchers with the largest number of collaborative publications with other authors are at the 'research front' of that area. 32, 33 The aim of this article was to analyse the scientific activity of researchers in South Africa in viticulture and oenology by using bibliographic analyses of articles in the Science Citation Index (SCI) during the period 1990-2009. The length of the analysed time period allowed us to obtain comprehensive information with which to establish trends of research in the area. Moreover, the joint analyses of productivity, collaboration and scientific impact provides a global and integrated vision of the country's research in this area.
Methods and data sources
As in other bibliometric studies, 19 the articles under analyses were obtained from the SCI database, accessed via the Web of Knowledge platform from terminals at Stellenbosch University (Western Cape, South Africa). For the definition of the research field 'wine research', we used a strategy similar to that employed by Glanzel and Veugelers 34 in a previous article published in the American Journal of Enology and Viticulture. The delineation of the area was based on a search strategy combining two components, (1) specific search strings, and (2) core journals. According to these authors, this set of search terms was the result of a series of previous strategies tested for the data retrieval. The search strategy employed the following terms: barrel fermentation, cava, champagne*, charmant, enolog*, grapevine, grapevines, icewine*, malolactic fermentation, vine*, vineyard, viticultur*, vitis vinifera, wine*, winemaker*. The search was restricted to the field 'topic', which retrieves matching records if the aforementioned terms are included in the titles, keywords or abstracts of articles. In some terms the root was used (cutting the word with an asterisk) to obtain all the documents associated with the derived words (e.g. by using the truncation enolog*, the SCI database finds enology, enological, enologist, etc.). As a result of this search, all articles in the following SCI specific viticulture and oenology journals were obtained: The analysis was limited to 20 years (the period from 1990 to 2009) and to research articles, including original articles, reviews, letters and editorials, but excluding book reviews, summaries of communications at conferences, reprints, news and bibliographic articles. All records obtained were manually reviewed to ensure their relevance.
The final records were exported to a relational database using the proprietary software Bibliometric. 35 The different variants of the names of the same author or institution were unified because this information was not always standardised in SCI. The information was then analysed to obtain bibliometric indicators and to identify all combinations of pairs of authors and institutions in each article, quantifying the number of coauthorships, that is, the presence of joint signatures of authors or institutions in different articles. This information formed the basis for identifying research groups. The software Pajek, designed for the analysis and visualisation of networks 36 was used for the construction and graphic representation of the research groups. 
Results

General data: Annual productivity and journals
Author productivity and citations
The 406 articles were published by 851 different authors, of whom 628 (73.8%) appeared only once ( 
Institutional productivity and citations
A total of 236 institutions were given in the published articles. Stellenbosch University contributed the most publications (219), followed by the Agricultural Research Council (Infruitec-Nietvoorbij, Stellenbosch) with 49 and the Universities of Cape Town and Pretoria with 32 and 31, respectively ( Table 3 . The most cited institution was Stellenbosch University (n = 2592), followed by the Agricultural Research Council (Infruitec-Nietvoorbij, Stellenbosch) (n = 454) and Consejo Superior de Investigaciones Científicas (Spain) (n = 342).
Indicators of collaboration and networks
The collaboration index (the average number of authors per article) was 3.7 for the whole period under investigation, increasing from 2.7 in the first 10 years to 3.9 in the last 10 years (results not shown). Regarding collaboration between institutions, 130 articles (31.1%) were produced with domestic collaboration, 156 (37.3%) with international collaboration and 132 with no collaboration (31.6%). The percentage of articles produced with international collaboration increased over the period analysed, from 16.2% in the 1990-1994 period to 44% in the 2005-2009 time frame, whilst the percentage of articles produced with no collaboration decreased from 45.9% to 25% between these two periods. Domestic collaboration remained fairly constant at about 30% of articles ( Figure 2 ). Foreign institutions collaborating were from 40 countries (Table 4) , with Australia (n = 31), the USA (n = 27) and the Netherlands (n = 20) being major partners. Countries with more than 300 citations included those from South Africa (n = 4453), followed by the USA (n = 678), Spain (n = 388), Belgium (n = 351), the Netherlands (n = 337) and Australia (n = 305). 
Most cited articles
The most cited article was that of Gil and colleagues published in 2000 in the Journal of Agricultural and Food Chemistry. This article was cited 290 times ( Table 5 ). The only other article to have been cited more than 200 times was that of Pretorius published in the same year in the journal Yeast, with 218 citations.
Discussion
Viticulture and oenology is a growing field of scientific research. Bibliometric methods allow the characterisation of the size, growth and distribution of scientific publications, identifying the most productive, influential and prestigious authors and institutions. A co-authorship network analysis offers a perspective on research groups and the position of the most outstanding researchers.
There were four major limitations in this study. Firstly, bibliographic data in the SCI database are not standardised, which leads to the same author or institutional affiliation Peoples Republic of China - appearing under different names. To unify these variants, a careful manual standardisation was performed, in which directories of universities and research centres, as well as their respective websites, were checked.
Secondly, the SCI database does not include all the published scientific literature on viticulture and oenology, and other bibliographic databases and additional data gathering from local South African science journals could have been used as an alternative or supplement, as pointed out by Tijssen et al. 37 However, the use of SCI as a source of information in this article had the following advantages:
1. It provided all the authors who signed the articles and all their institutional affiliations, allowing us to obtain indicators of collaboration between authors and institutions. 2. It provided the number of citations the articles had received and, therefore, determined the number of citations of their authors and institutions. Moreover, the database provided the JCR impact factor of the journals -information which is not present in other databases. 3. SCI is a source widely used in studies examining the scientific activity in the various fields of science and technology because it includes the highest impact journals and helps to achieve the objective of focusing the analyses on the most relevant authors and institutions, identifying and characterising the production and scientific impact of the research front in the analysed area.
In order to identify the gap in data collection when using SCI as a sole source of information, we analysed three annual research reports of the Department of Viticulture and Enology at Stellenbosch University. Of the 42 articles published from 2007 to 2009, 15 (36%) were published in international peer-reviewed journals and 27 (64%) in local journals, most of which were published in Afrikaans in the journals Wynboer and SA Fruit Journal.
Thirdly, the social network analysis based on co-authorship of scientific articles has only recently been studied. 38 For this reason, we have not found similar works in the scientific literature that have analysed the research and social networks of viticulture and oenology from the point of view of publications.
Lastly, the identification of the articles used in this study, the authors and partnerships, did not allow us to investigate in more detail the contribution of each to the advancement and dissemination of knowledge, beyond their citation in later publications.
Despite the aforementioned limitations, this work identified the most productive authors and institutions in the field of South African viticulture and oenology during the period investigated. The composition of research groups that can be considered to be at the forefront of research in this area were also identified. 15 and in Engineering, the proliferation in the number of articles was almost seven-fold for the same period. 17 For HIV and AIDS research, the number of publications increased five-fold between 1996 and 2006. Table 3 ), especially from Australia, Holland, France and Spain, is therefore not surprising, because the Department maintains contact and active research collaborations with many national and international universities and research organisations. These collaborations involve the establishment of agreements for the exchange of students and foreign researchers, as well as many collaborative research projects. An example of this dynamic in the field of viticulture and oenology is the agreement between the European Union and South Africa through the Erasmus Mundus Vintage International Masters of Science programme (http://www. vintagemaster.com). Erasmus Mundus is a cooperation and mobility programme in the field of higher education that aims to enhance the quality of European higher education and to promote dialogue and understanding between people and cultures through cooperation with developing countries. These agreements enable students, teachers and researchers from countries within the European Union and South Africa to participate in scientific programmes and, thereby, increase their mobility. The promotion of work periods in foreign research centres is considered crucial to promote the internationalisation of science in any country. 40 As evidenced in this study, there has been a steady increase in international collaboration in the viticulture and oenology area, which also is consistent with the data provided by Sooryamoorthy 41 for all areas of research in South Africa.
Social network analysis identified the main groups of researchers who had scientific collaborations and whom could be considered at the forefront of their areas, 42 beyond the formal structures that make up the research institutes and departments of universities and other research institutions. Knowledge of these structures has several advantages for researchers. In the first instance, it provides them with reliable information about existing groups that maintain a high-level research activity -information that provides the possibility of expanding their circle of contacts and participation in discussion forums, and increases the exchange of ideas on relevant topics, as well as allows linking and integration into any of the identified networks. 30, 31, 43 Additionally, such information enables researchers to know which institutions work together and which occupy more central roles within the network, which is valuable information when deciding on which institutions could be appropriate to establish collaborative arrangements with, or to conduct metacentre studies. According to Barbasi and Albert 44 , the nodes of a network of a collaboration that already have many connections will be preferentially chosen by new research groups to initiate a scientific collaboration, and a group rich in connections (or collaborations) will increase their influence more rapidly than those with fewer. 43 Moreover, the identification of groups with similar scientific interests and research lines allows increasing effectiveness in research, as it prevents duplication of experiments. 41, 44, 45, 46, 47 The existence of a group consisting of a small number of researchers with little or no integration with other groups of the same scientific field can be explained by that group possibly being at the beginning of its research activity period. 48, 49 However, the researchers with the largest number of publications are not always at the research front, especially in the case of an extended time window, in this case 20 years (1990-2009), because many of the prolific authors are likely to become heads of departments or lab directors. In this case, we found that 7 of the 14 authors with more than 10 articles were last author on more than 50% of their articles.
Conclusions
In conclusion, this study provides indicators to assess the state of South African research in viticulture and oenology and its evolution over the past 20 years, using articles published in international impact scientific journals. In short, we have identified a significant growth in South African research in recent years, with a high degree of internationalisation and a constant level of domestic collaboration. The research is organised mainly around research centres in the country, primarily Stellenbosch University, with the main vehicle for dissemination of this scientific activity being the South African Journal of Enology and Viticulture. The patterns and trends of South African research in this field are similar to other countries from the southern hemisphere, notably Chile, 50 who has a wine industry that is in many ways in a similar socio-economic position to that of the South African industry.
Future work in this area could identify newly emerging groups and observe the temporal evolution of the groups already recognised, as well as the existence of authors or institutions that remain on the periphery or are isolated from others. 31 
